The paper describes a novel computational approach to refine continuum models for penetration calculations which involves two stages. At the first stage, a trial continuum model is used to model penetration into a concrete target. Model parameters are chosen to match experimental data on penetration depth. Deformation histories are recorded at few locations in the target around the penetrator. In the second stage, these histories are applied to the boundaries of a representative volume comparable to the element size in large scale penetration simulation. Discrete-continuum approach is used to model the deformation and failure of the material within the representative volume. The same deformation histories are applied to a single element which uses the model to be improved. Continuum model may include multiple parameters or functions which cannot be easily found using experimental data. We propose using mesoscale response to constrain such parameters and functions. Such tuning of the continuum model using typical deformation histories experienced by the target material during the penetration allows us to minimize the parameter space and build better models for penetration problems which are based on physics of penetration rather than intuition and ad hoc assumptions.
Introduction
Various continuum models have been developed to model penetration into concrete target over last few decades (Bazant et al., 2000; Ben-Dor et al., 2015; Johnson et al.; Liang et al., 2016; Malvar et al., 2000; Riedel, 2009; Riedel et al.; Vorobiev et al., 2007; Wang et al., 2015) . These models were used with moderate success to predict penetration resistance of concrete targets.
parameters in these models which were not constrained by experimental data. Despite moderate success in tuning parameters and matching penetration data, mechanical response of brittle material such as concrete under dynamic loading is poorly understood. During the course of deformation material undergoes transformation from linear elastic continuum medium to a dilatant granular medium. To understand better what controls such transformation and how mechanical response changes as material is ground into a powder we undertake a mesoscale study using a novel discrete-continuum approach. At the early stage of fracture initiation we monitor microcrack growth using a second rank damage tensor. Later, when the tensor has grown enough, we insert an embedded discontinuity which describes a fracture on the scale of the computational cell. History variables describing two modes of fracture (opening and shear displacement) evolution are used. In the final stage, when the fracture loses its cohesion due to extreme opening or shear, advanced contact elements with history variables recording both tensile and frictional damage at the contacts are applied.
Mesoscale studies under different loading conditions have been undertaking before (Antoun et al., 2012; Fish and Yu, 2001; Lo´pez et al., 2008a; Zhou and Hao, 2009 ). In most of these studies fracture of concrete was modeled as a breakage of cohesive elements or springs which were inserted between the solid elements a priori. As it was pointed out by Bazant (2010) , it is important to either apply nonlocal methods or introduce a characteristic length in mesoscale to control damage localization. For example, in Fish and Yu (2001) a nonlocal damage model was developed for multi-scale damage modeling for composite materials.
There are few important points which distinguish our mesoscale approach from the previous ones. First of all, in our approach cohesive elements are inserted dynamically and only around elements where the failure criterion has been reached which minimizes the mesh bias in crack growth. Secondly, any cohesive contact at the moment of creating has a significant shear strength which may be very close to one in the surrounding material. As damage at the contacts evolves, it transitions to a residual frictional surface. At complete damage when contact element looses its cohesion, the type of the contact is switched to ''collisional contact'' which are treated differently in the contact search algorithm (Vorobiev and Herbold, 2012) . Thus, such an approach allows us to describe large frictional sliding at the contacts after breakage of the cohesive elements. New contacts are created once sliding faces meet each other after breaking from the cohesive contacts. Thirdly, we developed a dynamic refinement of the decoupled elements as well as recursive breakage where decoupled and refines elements can then brake into smaller elements. This allows us to model comminution of broken material and transition to a granular medium.
The goal of this paper is to demonstrate how the new approach can be used to improve constitutive models for concrete. In our mesoscale studies we loaded a representative volume, RV, with histories recorded in penetration calculations. Then we further refine the continuum model to be in agreement with the mesoscale model results.
The constitutive modeling approach is described in the next section. Discrete-continuum methods used for mesoscale calculations as well as large scale continuum simulations are described in separate sections. Comparison of the RV responses to the one of the concrete model responses under the loading conditions recorded in penetration calculations is shown at the end.
Constitutive modeling framework
The thermomechanical structure of the continuum model is based on the developments in Bar-on et al. (2003) , Rubin et al. (2000) , and Vorobiev (2008) . Within this context, an elemental volume dv of the porous material in the present configuration is expressed as the sum of solid volume and pore volume
where fdV, dV s , dV p g are the values of fdv, dv s , dv p g, respectively, in a fixed reference configuration. The porosity and its reference value È are defined by
The total dilatation, J, and the average dilatation of the solid, J s , are defined by
The total dilatation, J, is determined by the evolution equation
where L is the velocity gradient tensor. The solid volume evolves as
To model added elastic compressibility (poroelasticity) porosity is expressed as a function of history variables as
where D c is a variable describing the damage due to crack growth and u is the porosity in unloading state. Specific expression for this function is given is the next section which described poroelastic effects. Similar approach is used to model crack evolution as the one proposed in Bar-on et al. (2003) where the growth of damage parameter D c is proportional to the growth of crack density c as
and the growth rate, A c depends on the stress state. A general expression for A c was proposed in Baron et al. (2003) which agrees with analytical solutions for effective shear modulus degradation in linear elastic medium with embedded peny shaped cracks. Thus, for all positive principle stresses (case I) A c ¼ A c1 is related to the Poisson ratio as
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and for all negative principle stresses (case II) A c ¼ A c2
The expression for A c is built and interpolation between these two cases as
where 1 and 2 defined using principal stresses 1 4 2 4 3 as
where s0 4 0 and f c are material constant. Shear stress, s , and normal stress, n are defined as
A symmetric unimodular tensor B 0 e is used as a measure of pure elastic distortion in the evolution equation
where the tensor, A p , characterizing the direction and magnitude of inelasticity for distortional response is expressed as
À p requires an additional constitutive equation (Rubin et al., 2000) . In contrast to many other purely mechanical models used for concrete (Brannon and Fossum, 2004; Malvar et al., 2000) the current model is a thermo-mechanical one. The Helmholtz free energy É is chosen as a function of the variables J s , an invariant 1 ¼ B 
The total stress can be decomposed into a volumetric part described by pressure, p, and the deviatoric part, T 0 , as
where the solid pressure is expressed as
In practice, the second part related to the derivative of the shear modulus, G, with respect to J s is much smaller and can be neglected.
The deviatoric stress for the solid is expressed as
where B 00 e is the deviatoric part of B 0 e . The total deviatoric stress can be expressed as
is defined as integrity parameter which tends to a small value anytime either porosity or crack density is increasing.
In shock wave physics the part of the Helmholtz free energyÉðJ s , ÂÞ is often expressed as a sum of volume-dependent potential " c ðJ s Þ (the cold part) and the thermal part representing an harmonicity and electronic contribution at high temperatures É T ðJ s , ÂÞ. The solid pressure, p s , is then found as the derivative of the free energy with respect to volume shown in equation (17). Thus, the solid pressure consists of two parts (the cold part and the thermal part). The thermal pressure is convenient to express in terms of specific internal energy, ", instead of the temperature. One of the simplest of this type, the Mie-Gruneisen equation of state (EOS), can be written as
The reference curve p c ðJ s Þ can be derived from shock experiments or approximations of the potential " c ðJ s Þ. The thermal pressure part is proportional to the specific energy ", with proportionality coefficient À called the Gruneisen coefficient.
Elastic properties and poroelasticity
Experimental data on hydrostatic compression of porous concrete show nonlinear elastic response up to 10 MPa, which can be attributed to the elastic closing of pores and microcracks. Poroelasticity is enhanced with increased density of the microcracks which may be generated due to damage.
To model nonlinear elastic response porosity is expressed as a function of J and a history dependent unloaded porosity u as
The unloaded porosity u is the porosity that would exist if the material was unloaded from the current state. This formulation provides the correct asymptotic behavior and can be shown to satisfy Vorobiev et al.
the second law of thermodynamics if coupled with the evolution equations for u described later. Equation (21) provides an analytic expression for unloaded porosity at given porosity and compression (Vorobiev, 2008) . The bulk modulus is defined as
Using equations (16) and (21) it can be written as
In the unloaded state, where p s ! 0, x ! 0, J u =J ! 1, the initial bulk modulus K 0 is equal to a fraction of the solid modulus K s
By choosing an appropriate function for aðÈ, D c Þ one can adequately describe the observed initial bulk modulus dependence on reference porosity, È, and the crack damage, D c . For intact material without pores and cracks a is close to zero. As cracks are generated, a is increasing but remains always less than unity. Elastic moduli in a linear elastic material with elliptical pores degrade with crack density as
where L E and L G are functions of initial elastic moduli (Tsukrov and Kachanov, 2000) . Assuming a similar law for initial bulk modulus degradation, one can obtain the following function for poroelasticity parameter a
Thus, the function a can be expressed as
Function a 0 ðÈÞ is used to describe initial bulk modulus reduction with reference porosity which can be explained, for example, with a simple model (Walsh, 1965) considering an elastic matrix embedded with spherical pores. According to that model, the effective compressibility of the rock is expressed as
where is the Poisson ratio.
As shown in Figure 1 , initial elastic modulus is reduced after each loading-unloading cycle. To understand better how the damage due to new crack generation effects this reduction mesoscale modeling can be performed.
Porous compaction and dilation
A linear law, similar to one described in Vorobiev et al. (2007) , is used to reduce the unloaded porosity, u , during compaction. For simplicity, strain rate effects are not considered in the present paper. The unloaded porosity is constrained by the compaction curve as
where ¼ 1=J À 1, and c is the volumetric strain corresponding to the onset of compaction. After equation (29) is applied, the new value of porosity, , is found from equation (21) and the pressure is recalculated by equation (16). The shifts b , s , e model effects of bulking, shear-enhanced compaction, and thermal softening. The thermal shift, e , is found from the linearized Mie-Gruneisen EOS assuming that compaction will begin at P ! P c0 even if the material is heated at constant volume
This shift accounts for enhanced compaction due to thermal pressure. The bulking shift, b , is proportional to the amount of bulking porosity, 2 , as
where " controls the rate of compaction of porosity produced by bulking. The bulking porosity, 2 , is a history variable describing extra porosity produced by dilatancy using the following equation
Because the rate of bulking is proportional to the positive slope of the yield surface, dilatancy and brittle material response will only take place at low confinements where the cap is not applied to the yield surface. The parameters A 0 and A 1 control the degree of associativity for low (P 5 5 P b ) and high (P 4 4 P b ) confinements.
The shear-enhanced compaction shift found from the assumption that yielding and compaction take place simultaneously (Vorobiev et al., 2007 ) is expressed as
where e is the current Von Mises Stress, K, is the current bulk modulus and P c is the current compaction pressure. The failure surface, Y f ð pÞ, is described in the following section. The compaction pressure, P c , can be expressed using the current pressure, p, and unloaded porosity, u as
The rate of compaction is defined by the slope, SðÈÞ, where 0 SðÈÞ 1. The smaller the slope, S, the slower is the compaction. For S ¼ 1, compaction takes place at a constant pressure.
Compaction starts earlier when deviatoric stress is present (shear-enhanced compaction effect). The compaction slope is reduced in the presence of deviatoric stresses (when s ! 0Þ, as
where S 0 ðÈÞ is the compaction slope for the hydrostatic condition (when s ¼ 0Þ defined as a function of the reference porosity, È. Equation (35) is derived from the assumption that at full compaction, when u ! 0, the material will have the same density regardless of the loading path. The function S 0 ðÈÞ can be found by modeling hydrostatic compression of samples with different porosity.
Yield surface
The current model introduces three pressure dependent surfaces that govern the material response during yielding: the initial yield surface (onset of yield), Y 0 ð pÞ, the failure surface, Y f ð pÞ, and the residual surface, Y r ð pÞ.
The yield strength corresponding to a generalized triaxial compression state, Y TXC , is derived from the elastic boundary, Y 0 and failure surface, Y f , such that
The equivalent plastic strain, " p , is determined by integrating the following evolution equation
is used to define a hardening parameter h as
where " hard is a material constant. The damage, , is assumed to be related to the total amount of bulking porosity (dilatancy) generated in the material, as
where D is the rate of softening and cr is a threshold value of porosity. As damage accumulates during loading, the material softens and its strength is limited by a residual failure surface, Y fr
where both failure surfaces are defined using a similar ratio polynomial function of form as
Both functions merge at high pressures, but at low confinement residual failure surface is lower as long as a 3 is less than a 2 . The amount of reduction for the parameter a 3 compared to a 2 can be Vorobiev et al.
established from mesoscale studies. Also, this formulation assumes that fully damaged material does not have any strength at zero pressure.
The boundary of elastic region is expressed in the form
where C and r are material constants. The compaction pressure, P c ðÈ, JÞ, calculated by equation (34), changes as porosity is compacted. The model parameter r controls the shape of the cap. The function ðÈÞ is defined as
where P BD ðÈÞ is the brittle-ductile transition pressure. The final yield surface accounting for pressure hardening, loading direction, softening due to microcracking (bulking), plastic strain hardening, and thermal softening takes the form
where F L ðÞ is a function of the Lode angle (Rubin et al., 2000) . The thermal softening term, F therm ðJ s , ÂÞ, can be expressed as
where G is the shear modulus function of solid density and temperature. The following simple function can be used
where Â melt ðJ s Þ is supplied by the EOS. Thermal softening effects can be important, for example, for problems involving shock waves. An EOS accounting for melting can be used to find the temperature, Â, using specific volume and thermal energy.
Damage tensor evolution
Equivalent plastic strain is an isotropic measure of nonelastic deformations which does not describe directional properties of microcracks. For mesoscale modeling, we need to monitor how microcracks are growing in order to transition to granular medium by explicitly modeling formation of macrocracks and separation of the material. Damage tensor described below is used to account for microcrack growth during the deformations. We have used it to transition from continuum description of the medium to the discrete one. Below we describe the evolution equation for the damage tensor which can be applied with various yield surfaces.
Once the stress in the elements approaches the failure surface the damage starts accumulating. Let us introduce Y 0 , onset of failure using parameter as
where parameter is less than unity. We describe the damage as a second rank tensor, ij , which characterizes density and direction of microcracks per unit volume.
To write evolution equation for ij , it is convenient to define p i as the orthonormal right-handed set of vectors p 1 , p 2 , p 3
The growth of damage is assumed to take place in the direction associated with vector p 1 as
Plastic strain, " p , can be found using radial return method. Damage rate is suppressed with increasing pressure since Y o ð pÞ is an increasing function of pressure. Direction, p 1 , is found using both current principal stress and principal damage directions. It is known from experimental observations that the cracks are formed normal to maximum principal stress direction when material is not confined. As confinement is increased, the direction of cracks is approaching some angle relative to the maximum principal stress which is often related to the internal friction angle for the material. We have adopted an empirical relationship between the confinement pressure, P, and the angle between the crack normal and the direction of the maximum principle stress (Ramsey and Chester, 2004) . The angle between the fracture and the maximum principal stress approaches Á max ¼ 4 À 2 , where is the internal friction angle (Ramsey and Chester, 2004) . Empirical data obtained for various rocks indicate that this transition accelerates when the confinement pressure is above some critical value (e.g. 40-80 MPa). We have parametrized it using the following function
where P fr is a characteristic pressure for transition from tensile mode of damage to the frictional one and l describes the rate of this transition. When the stress state is symmetric, for example during the hydrostatic compression, the direction of damage is dictated by the microstructure of the material (such local defects and inclusions which exist at a subcell scale) which is generally unknown. Therefore, stochastic approach is used to pick this direction. In the absence of damage, random direction is chosen, while if the damage tensor is not zero, a bias is introduce towards the maximum principal direction of the damage tensor.
Transition to weakness planes
When the first invariant of the damage tensor (I 1 ¼ 11 þ 22 þ 33 ) is large enough we will insert an embedded weakness plane the normal of which is oriented with maximum principal Vorobiev et al.
direction of the damage tensor. From this moment, the material can start accumulating an additional plastic slip and tensile damage on the weakness plane. The shear stress at the plane and the normal stress are limited by the plasticity rule on the plane (Hurley et al., 2017; Vorobiev, 2010) . Thus, inserting weakness planes provides some feedback to the stress field and can describe material softening due to microcrack generation since a softening law is used for the plane's plastic rule. As either the plastic slip or tensile damage grows, cohesion on the plane decreases. Upon reaching the complete damage on the plane material looses both frictional and tensile resistance which may cause large deformations not supported by the mesh. From that point on we apply element decoupling technique (Vorobiev and Herbold, 2012) and map the damage from the plane onto the faces of the newly created contact elements. If a contact face, for example, is oriented parallel to the weakness plane, the cohesion of initialized cohesive element is the same as one on the plane. Figure 2 shows the mesh and boundary conditions for a test problem used to demonstrate microcrack generation in a block of material subject to triaxial compression. The block subdiscretized to 4 x 4 elements was loaded by a shell meshed with tetrahedral elements driven by velocity boundary applied at the external nodes. Contacts were set up between the shell's internal faces and the blocks external faces both at the top and at the bottom boundaries. Pressure boundaries were applied at the sides of the block to control the confinement pressure inside the block. Figure 3 shows side and top view at the cracks generated in the block. For zero confinement (case A) all cracks were oriented vertically with their azimuthal directions dictated by the maximum stress direction. As the confinement is increased (case B) the cracks were no longer vertical and oriented at some angle. The value of P fr ¼ 10 MPa was used with maximum angle Á max equal to 45 and power exponent l ¼ 3.
The average stress calculated in the material is shown in Figure 4 . In the absence of any softening at the weakness planes inserted the stress reaches the level expected and stays at this level.
Softening law can be applied at the embedded weakness planes similar to contact softening law implemented by (Vorobiev, 2012) . Special care needs to be taken to prevent softening instability by either introducing time (rate-dependent plasticity) or space scales (nonlocal plasticity) into the model (De Borst and Mu¨hlhaus, 1992; Needleman, 1988) .
To ensure mesh convergency the softening rate is a linear function of the ratio of the element size, L, and the weakness plane thickness, a, as
where parameter d depends on material properties. Figure 6 shows mesh convergence test for a classic problem of softening bar loaded from both ends using constant and opposite velocities applied to the boundary nodes (Bazˇant and Belytschko, 1985; De Borst and Mu¨hlhaus, 1992) . Boundary conditions were applied at the sides constraining the nodes to only vertical motion. To illustrate how inserting weakness planes can describe crack growth we have simulated the damage growth for a pre-existing crack oriented at 45 relative to the loading direction for uniaxial compression. Figure 5 shows stress evolution in the material with and without weakness plane insertion. Thus, inserting weakness planes helps to describe kink track growth observed in the experiment.
Discrete-continuum method. Modeling of fracture and fragmentation caused by explosion and high velocity penetration require numerical methods capable to capture transition from an intact material to a discontinuous rubblized medium. In practical simulations both states are usually modeled with the help of continuum mechanics where a number of history variables are used to describe the transition between these two very different states of material. Such approaches very often fail to describe mechanical response for the damaged material because of discrete nature of material states created during the fragmentation process. Therefore, combined discrete-continuum methods have been developed over the last few decades to model problems of dynamic fractures better (Elmo and Stead, 2010; Owen et al., 2004; Onnate and Rojek, 2004; Yu et al., 2008) .
Cohesive interfaces have been used in the past to understand mechanical behavior of brittle materials at the mesoscale (Carol et al., 2007; Lo´pez et al., 2008a Lo´pez et al., , 2008b Sadowski and Samborski, 2008; Warner and Molinari, 2006; Zhang et al., 2005a Zhang et al., , 2005b . These studies provide useful information on relationship between the microstructural details (cohesive strength between the grains, grain size distribution, etc.) and macroscopic properties of the material. Yet, most of them assume small deformations, elastic response of the grain material and, therefore, cannot model post-failure material behavior properly.
We have developed a numerical method which could be used both in the case of small deformations and in the case of large deformations with multiple interacting fraction surfaces. Unlike many other methods, the current method does not rely on pre-existing crack paths along the mesh boundaries.
The new method relies on dynamic element decoupling algorithm (DEDA) based on decoupling of the elements from the mesh under certain conditions defined by history variables in the continuum model (Vorobiev and Herbold, 2012) . The decoupled elements are attached to the surrounding mesh using common plane contact elements described in (Vorobiev, 2012) . Mechanical properties of these contacts elements, such as cohesion and friction, are consistent with current properties of the surrounding material but degraded based on orientation of the cracks (or damage tensor) generated upon reaching failure surface. After the decoupling damage at the contact elements is allowed to evolve which leads to their degradation and, eventually to complete decoupling.
The decoupled elements are subdiscretized during this process, so that the fracture path is not necessarily coincident with the original mesh but is constrained by the finer mesh of subdiscritized elements. Recursive decoupling is implemented to allow for fragment creation of various sizes which also provides more degrees of freedom for new fractures to propagate. The algorithm was implemented in GEODYN-L, a massively parallel Lagrangian hydrocode (Vorobiev, 2012 ). Common plane contact described above is used to model new fractures created between neighboring faces. Below, we briefly list some essential improvements to this algorithm, which were not described in (Vorobiev, 2012) but are important for smooth implementation of the element decoupling algorithm. Some details can be found in Vorobiev and Herbold (2012) , more details including parallel implementation will be published in a follow up article.
. Coupling contact and material model.
Cohesive strength for the inserted contacts is based on failure surface used for the material in the decoupled element. Damage tensor projection onto each face is used to degrade it further at any of these faces. Thus, C 0 , the cohesion of a contact face with normal vector n is calculated as
where Y(p) is the current shear strength of the material and is the normalized damage tensor changing from zero to one.
. Dynamic initialization of the contact. Insertion of contacts around an element during decoupling may perturb stress equilibrium if initial stress at the contact is not in equilibrium with the stress in surrounding elements. One of the advantages of the common plane contact implemented in (Vorobiev, 2012) is that both normal and tangential forces (or stresses) can be initialize at the time of the creation of the contact using appropriate initial values for the history variables. . Advection of history variables at the contact.
Once a contact begins to slide, faces can meet new faces and create new contacts. History variables at the faces as well as the stresses in the adjacent elements are used to initialize the new contacts. History variables may control the mechanical response in newly created contacts. Most of researchers using cohesive contacts do not pay enough attention to advection of history variables since they are focused primarily on tensile failure. In the latter case faces move in opposite directions normal to the contact plane. To model a large shear slip with realistic friction models including effects of softening and dilatancy it is required to implement an advection scheme of history variables as it is illustrated in one of the verification examples below. . Hybrid contact algorithm and smart contact search.
Computations can be very expensive if contact search is performed at every cycle. When new contacts are inserted during decoupling process they are expected to stay connected to the same faces a number of computational cycles before the damage at the contacts will decrease their cohesion and the contact faces begin to slide past each other. Majority of the faces may not undergo enough displacement to create new contacts with other faces. Therefore, they may be hidden from the new contact search algorithm to save computational time. To improve efficiency of calculations we introduced two contact types: cohesive and collisional. First, cohesive contacts are created during the fragmentation and they are excluded from new contact search once the contacts with these faces are created. The total area of the contact for a cohesive face is equal to the face area. When this condition is satisfied, the whole face is involved in interaction with other faces via cohesive contacts and thus can be excluded from the contact search. Transition to collisional contact is controlled by the damage history at the contact. If either plastic slip or tensile damage reaches critical values cohesion at the contact tends to zero and the type of this contact is changed.
Dynamic element decoupling illustrated schematically in Figure 7 . When continuum damage variable reaches threshold value the following steps are performed:
. The element is decoupled from the mesh and turned into a block subdiscretized into many smaller elements. . Cohesive faces are inserted around the boundary of the block and for newly open faces of the neighboring elements. . Contacts are created between the decoupled block and neighboring elements. The stresses at the common planes are initialized to be equal to the average stress for the elements separated by the contact.
As it is seen from Figure 7 , once an element is decoupled the damage starts to accumulate at the contacts transforming them from cohesive to collisional contacts and leading to complete separation. Recursive decoupling algorithm was also implemented to help resolving smaller fragment sizes. Simulation of penetration into concrete targets Lagrangian simulations. Among few advantages of Lagrangian codes are ability to avoid errors caused by advection of history variables. It is also easier to record evolution of history variables at any material point by keeping track of cell variables. However, the most of difficulties are due to large deformations not supported by the Lagrangian mesh. Using tetrahedral elements has proven to be a more robust way to model penetration.
We have applied the dynamic decoupling algorithm to decouple Lagrangian elements from the mesh and replace them with a digital elevation model (DEM) blocks interacting via contacts to allow us to run penetration calculations till completion. This technique may be better than the element erosion technique employed in several commercial codes since both mass and momentum are preserved after the decoupling.
We have performed simulation of large scale penetration into a concrete wall (Riedel et al.) . We used a pseudocap continuum model applied and calibrated previously for small scale penetration experiments (Vorobiev et al., 2007) . Numerical mesh and Lagrangian point locations where the deformations were recorded are shown in Figure 8 . We have found that penetration depth mainly depends on post-failure material response, which is in agreement with small scale studies (Vorobiev et al., 2007) for the calculation which gives the best agreement with the experiment. The deformation regimes realized at these locations cover a wide spectrum of stress states from uniaxial loading (along the axis) to various combination of compression and shear.
Mesoscale simulations. Mesoscale model assumes that there are two different materials in the concrete: aggregate particles and mortar. The aggregate particles are assumed to be spherical of variable size embedded into a continuum mortar part. For both materials we apply simple elasticplastic models with simple pressure dependent yield surfaces.
Simulation of biaxial tests
We have modeled a classic set of biaxial tests reported by Kupfer and Gerstle (1973) The meshing of such system is performed following several steps. First, particle packing code is used to pack the spheres into a rectangular volume. Then, the surfaces of these spheres are meshed and then both interior and exterior of these spheres are meshed using tetrahedral meshing tool available in CUBIT (Blacker et al., 1994) . And, at last the faces and nodes between the aggregate particles and mortar are duplicated and cohesive contact boundaries are set between them.
We have created different models with various realization of packed aggregate particles (see Figure 11 ) with very similar packing density (volume of aggregate particles per concrete volume). In uniaxial test these RV blocks can be loaded in two different directions (X and Y) where Z direction is perpendicular to the box plane.
The cracks are oriented mainly in Z plane, but also in the direction normal to the loading direction.
The cracks grow in mortar region due to stress localization between aggregate particles. Figure 12 shows crack evolution (normal to the direction of loading). Figure 13 shows calculated stress evolutions for various biaxial tests.
Mesoscale modeling of a simple shear loading
We have performed a triaxial loading of an RV of concrete for a simple shear at various levels of initial pre-compression. Figure 14 shows an example of such problem. As we will show later, many deformation histories recorded in penetration study are reduced to a combination of initial uniaxial Figure 11 . Three different realizations for aggregate particles. compression with shear deformation followed by an extension. Damage generated during such shear deformations and pressure build-up due to dilatancy can be described in the continuum model using a porosity model which includes both compaction and dilation. Mesoscale studies provide a valuable information on the amount of dilatancy one can expect in such conditions. We have found that more dilation is achieved at high strain rates. This is because when the loading is fast the stress in the RV does not have time to equilibrate, and local higher stresses cause more sliding and opening of the cracks. Figure 15 shows crack distribution in the middle plane which cuts the RV normal to the shearing direction. One can see that crack orientation does not change much with the increased strain rate, but plastic strain distribution within the RV does. Figure 12 . Crack evolution for biaxial loading (particle realization 1). Figure 13 . Stress evolution calculated for various biaxial tests using various particle realizations. Pressure evolution with shear is shown in Figure 16 . For a high strain rate (1.e À 2) there is a time delay between the onset of loading and the volume response, because there not enough time for the waves to equilibrate the stress in the volume to follow rapidly moving boundaries. Calculations without crack generation do not produce any visible amount of dilatancy. We have performed the same shear loading for a number of various stochastic realization of the concrete. They have slightly different volume fraction for the aggregate and distribution of the aggregate particles within the RV. Figure 17 shows pressure evolution in simple shear for three different realization of RV. Volume fractions for the aggregate were 20.2% for RV #1, 18.6% for RV #2, and 17.4% for RV #3. Since most of cracking takes place in the mortar, the lower the volume fraction of the aggregate the more bulking is generally observed. Crack orientation in the plane crossing RV's in the middle are also shown at shear strain of about 0.01. Note that cracks between close aggregate particles tend to align with the direction connecting the centers of the particles. Thus, crack orientation is defined not only by the principal stresses or strains but also is affected by aggregate particles. Comparing continuum model response to one obtained in mesoscale can help with the choice of model parameters. In simple shear loading pressure builds up due to dilation when a new bulking porosity is generated. Some of it is recompacted due to pressure build up in further loading. In experiment it is hard to determine what percentage of newly created porosity is subject to recompaction and is expressed by parameter " in equation (31). We have compared pressure evolution obtained in mesoscale calculations with one generated by the continuum model using simple shear loading path. Results are shown in Figure 18 . When the recompaction is complete no more pressure build up is observed once Figure 19 shows with markers stress evolutions recorded at various locations in GEODYN-L penetration simulations. Color of the markers designates time. The stress states for points #3, #5 and #2 (shown in Figure 8 ) are located well beyond the cap region. Material in these locations experienced significant compaction first and then significant shear deformations. We would like to understand better how concrete material behaves when subject to such extreme loading conditions.
Simulation of RV driven by penetration histories
We have built a representative model for a cubic volume packed with spherical aggregate particles for the concrete material. The same meshing technique was employed as the one described above for the biaxial tests. Velocity gradients recorded in penetration calculation were applied to the exterior nodes of the box. We have filtered these gradients to look at the main Figure 21 . Representative volume and cracks generated by the end of loading with history recorded at location 3. loading steps. Material at location #3 is compressed in direction of the impact (X) and expanded in two other directions with simultaneous shear being applied in the plane Y-Z normal to the direction of compression. The volume deformation is shown in Figure 20 . The deformations of aggregate particles and damage at late time are shown in Figure 21 . Stress evolution calculated in the volume is shown in Figure 22 . By the end of deformation the volume remains in a compressed state. Multiple cracks perpendicular to the direction of compression are generated between the aggregate particles. These cracks form a band of damage in the direction normal to the stretch direction in YZ plane (see Figure 21) . The stress begins to drop after 2 ms when the damage grows with accelerated pace.
Deformation at location 10 is characterized by a small compression followed by large shear deformation. During the unloading phase the shear is accompanied by an extension. By the end of the load material density is smaller than the initial one (see Figure 23) . The most of differences in response between the original continuum model and the mesoscale model is after the damage is generated in the volume as it is shown in Figure 24 .
Conclusions
We have developed a systemic approach to continuum model improvement which relies on mesoscale modeling of mechanical behavior of concrete for the loading conditions realized in high velocity penetration. Such method would be impossible without state-of-art discrete continuum methods capable of describing material failure and fragmentation due to dynamic loading. Mechanical behavior of concrete around the penetrator which affects the penetration process corresponds to highly deformed fragmented material. Properties of such highly damaged medium is poorly understood and is typically described using a Morh-Coloumb residual yield surface with low cohesion. Mesoscale modeling has shown that the behavior of such broken material is more difficult than the one described by a simple frictional yield surface. We have accounted in the constitutive model for a brittle-ductile transition both for the intact and the damaged material.
Many concrete models assume very simple mechanical behavior once material reaches residual surface when the damage is complete. The main reason is the lack of data describing behavior of highly damaged and broken material. We rely on mesoscale modeling to get insight into such response. Such modeling requires rather sophisticated numerical algorithms which describe transition from a continuum medium to a granular medium implemented for massively parallel machines. Even though such modeling is very expensive it opens a new possibility to revisit the mechanics of broken material and improve existing continuum models. In a separate continuum simulation of penetration into a concrete target we have recorded histories experiencing by the material points around the penetrator. At most locations material transitions quickly from an intact medium to a heavily damaged one. Most of penetration resistance comes from the broken medium. Therefore, it is very important to understand how it behaves. We believe that targeted mesoscale approach pursued in the current work is more likely to produce breakthrough results in understanding of mechanical response of concrete as well as other engineering materials than blind modification of continuum models to match experimental data. The work is the first step in this direction and more results of the new approach applications will follow.
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